Introduction
The much higher stability and cycle life performance of today's electrochemical double-layer capacitors (EDLCs) when compared to batteries are generally ascribed to the circumstance that charge storage is based on pure double-layer charging, and not on Faradaic reactions. Such charge-transfer processes are often accompanied by microscopic structural changes, which may be not fully reversible and thus limit the cycle life of batteries.
In general, microscopic structural changes will result in macroscopic dimensional changes of the electrode. Consequently, dilatometry is a convenient means to distinguish between Faradaic (chemical) and capacitive (electrostatic) processes. This is especially true for poorly crystalline materials u Fax: +41 56 310 4415, E-mail: matthias.hahn@psi.ch like activated carbon (AC), where diffraction experiments often give no satisfactory information.
For carbon materials, several possible phenomena have been identified which may lead to charge-induced dimensional changes: (i) an increase of the interlayer distance upon ion intercalation between adjacent basal planes [1, 2], (ii) widening of the intralayer C−C bond length upon electron injection into the aromatic planes (and shrinking upon hole injection) [3] [4] [5] [6] [7] [8] , and (iii) an expansion due to the decrease of surface tension with increasing excess charge in the electrochemical double layer [9] [10] [11] .
For graphite, intercalation of a large variety of ions of either sign is well established. The accompanying c-axisdistance widening ranges from about 10% for Li + (in the compound LiC 6 ) [2] to more then hundred percent for some large ions [1] .
Besides this large c-axis expansion a much smaller effect (about 1.5% at maximum) of intercalation was predicted [3] [4] [5] and measured [5] [6] [7] [8] for the intralayer C−C bond length. The corresponding strain, being due to quantum-mechanical effects (changes in orbital occupation and band structure), changes sign from an expansion for electron injection to a contraction for hole injection. Notably, this effect is expected to occur for double-layer charging as well.
The third postulated effect is based on the decrease of surface tension with increasing excess charge in the electrochemical double layer. This effect, well established for the liquid-mercury electrode, would lead to an expansion of a solid spherical electrode upon charging in either direction and consequently also to an expansion of a porous electrode composed of such spheres. In fact, the predicted linear relation between strain and excess charge of either sign remote from the potential of zero charge (pzc) has been observed for different carbon electrodes in neutral aqueous solutions [9] [10] [11] . However, the reported overall height change is very small, below 0.05%.
In the present contribution we report measurements of dimensional changes of an AC electrode used for electrochemical double layer capacitors in organic, aprotic electrolyte solutions, where higher charge densities can be obtained than with neutral aqueous solutions. The results obtained are compared with corresponding experiments performed with a graphite electrode, and are discussed on the basis of the above mechanisms. The electrochemical measurements were performed with a purpose-made dilatometer (Fig. 1) . Related set-ups were used by Biberacher et al. [12] , Besenhard et al. [13] , Winter et al. [14] , and Ohzuku et al. [15] . Basically the dilatometer consists of a cell stack, i.e. two electrodes separated by a paper separator. The lower electrode is fixed and serves as the counter electrode (CE) while the upper electrode serves as the working electrode (WE) and is free to move against a constant load (20 N) applied by means of a spring. The overall height change of the cell is monitored by an inductive displacement transducer (W5TK, in combination with a measuring amplifier MGT 233.D4, both by Hottinger Baldwin Messtechnik, Germany) mounted on top of the plunger that contacts the WE. In order to avoid any pressure build up due to gas evolution, the cell was connected to atmospheric pressure via a drying agent (molecular sieve 0.4 nm, Merck) filled column.
A small stripe of the EDLC electrode material (2 × 4 mm 2 ) being fixed and contacted by an aluminum wire served as the reference electrode. All electrode potentials are referred to the immersion potential (ip) of the EDLC electrode, 3.05 V vs. Li/Li + . The potential was controlled by means of a potentio- stat (model 273A, EG&G Princeton Applied Research). Some electrochemical impedance measurements were performed in combination with an impedance/gain-phase analyzer (model 1260, Solartron). The cell components are made of titanium grade 2 (current collectors), PEEK (housing), and EPDM (sealings). A commercial EDLC electrode material was employed, which consists of a 0.15-mm-thick PTFE-bound activated carbon film. One series of measurements was performed with a graphite electrode. This electrode was prepared by spin coating an aqueous suspension of graphite (KS44, Timcal, with 10 wt. % carboxymethylcellulose sodium salt, Merck) on an etched aluminum foil (0.03-mm thick) and subsequent drying. By repeating this procedure several times a 0.016-mm-thick coating with a total mass of 1.2 mg was prepared.
After assembly in air the dilatometer (with the displacement transducer detached) was dried for 24 h at 140
• C and < 0.01 mbar in a vacuum oven, then cooled to ambient temperature in argon atmosphere, transferred to a glove box (argon, < 10 ppm water), and finally filled there with the electrolyte solution, 1 mol/l tetraethylammoniumtetrafluoroborate (TEABF 4 ) in acetonitrile (< 20 ppm water). Measurements were performed outside the glove box in a test cabinet at constant temperature (25 ± 0.05
• C). The dilatometer was used in three different configurations.
(i) For measurements of EDLC full cell height changes two identical electrodes (10-mm diameter, 0.15-mm thick, 8.5 mg) were used, and the cell voltage was controlled. The full cell equivalent series resistance (real part of the impedance) measured at 0 V was about 0.8 Ω at 1 kHz and 2 Ω at 0.01 Hz.
(ii) For EDLC half cell measurements the WE (10-mm diameter, 0.15-mm thick) was combined with a large CE (diameter 18 mm, height 2 mm) made from the same EDLC electrode material. Due to the much higher capacitance, the CE potential stays almost pinned. The WE potential was controlled with respect to the reference electrode. In this configuration the full cell equivalent series resistance was about 1.3 Ω at 1 kHz and 7 Ω at 0.01 Hz.
(iii) Half cell measurements of the graphite electrode were performed using a large CE (18-mm diameter, 2-mm thick) made from the same EDLC electrode material. The potential of the much smaller graphite electrode (10-mm diameter, 0.016-mm thick) was controlled with respect to the reference electrode.
The dilatometer was designed to minimize parasitic background currents stemming from other components than the carbon electrodes themselves. However, at extreme positive potentials, a small parasitic background current was caused by the titanium current collectors. The reported cyclic voltammograms and Coulombic efficiencies are not corrected for this background.
The resolution of the dilatometer was about 20 nm. In the discharged state (U = 0) and after a settling period of 6 h (after filling) drifts of < 100 nm/h and < 300 nm/day were measured.
A nitrogen adsorption measurement of the EDLC electrode material was performed with an ASAP 2010 apparatus (Micromeritics) at 77 K. Prior to measurement the sample was
